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Abstract 

A new approach in altering the substrate specificity of enzyme is proposed using glucose dehydrogenase, with 
pyrroroquinoine quinone (PQQGDH) as co-factor, as the model. This approach is based on the selection of random 
peptide phage displayed library. Using an M13 phage-display random peptide library, we have selected peptide lig- 
ands. Among the peptide ligands, a 7-mer peptide, composed of Thr-Thr-Ala-Thr-Glu-T^r-Ser, caused PQQGDH 
substrate specificity to decrease significantly toward disaccharides, such as maltose and lactose, while a smaller 
effect was observed toward glucose. Consequently, this peptide narrowed the substrate specificity of PQQGDH, 
without a significant loss of the enzyme activity. 



Introduction 

Glucose dehydrogenases (GDHs) possessing pynolo- 
quinoline quinone (PQQ) as the prosthetic group have 
been highly focused as an ideal enzyme for mediator- 
type, glucose sensor constituent because of its inherent 
characteristics and independence of O2 (Kost et at. 
1 998, Tang et al. 2001 ). However the improvement of 
thermal stability and substrate specificity are further 
required for PQQGDHs, comparing the characteristic 
properties of conventionally utilized glucose sensing 
enzyme, glucose oxidase. 

We have been studying protein engineering of 
PQQGDH to improve their enzymatic properties as 
an enzyme sensor constituent. We reported the con- 
struction of a mutant PQQGDH with increased ther- 
mal stability by error prone PGR (Sode et al. 2000) 
and fabrication of a glucose sensor using this mu- 
tant (Takahashi et al. 2000). We have repotted that 
the alteration of enzyinatic properties of PQQGDH 
is possible by protein engineering, such as site di- 
rected mutagenesis (Igarashi et al. 1 999, Sode et al. 
2000) or construction of a chimeric enzyme (Yoshida 



et al. 2000). These involve novel designs of the en- 
zyme focusing on its native tertiary and quaternary 
structures. Besides, in nature, several enzymes are 
composed of subunits to form active quaternary struc- 
tures, thereby showing a higher order of the function, 
e.g. electron transfer, protein folding like chaperon, 
ion channeling etc. We propose a novel strategy of 
protein engineering, termed quaternary structure engi- 
neering, by which artificial subunits are developed to 
control or even create new function of the target pro- 
tein. However, the design of an adequate interface for 
protein, protein interaction, which are not forming a 
complex, is still a remote possibility. Here, we propose 
a new concept to construct an artificial 'subunit' which 
can control the substrate specificity of enzyme. There 
is no report on alteration of enzymatic properties of 
PQQGDH by addition of biomolecules, proteins, nu- 
cleic acids and peptides as ligands which then bind to 
the enzyme. 

Phage display is well known as a powerful method 
for screening of peptide ligands to various target pro- 
teins (Smith 1 985). There have been many reports con- 
cerning the identification of peptide hormone (Low- 
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man et al. 1991), protease substrates or inhibitors by 
isolation of new peptide ligands (Houimel et al. 1999). 
Moreover, the screening of peptide ligands which bind 
to the enzyme and increase its activity (Wu et al. 2000) 
or its thermostability (Chakravarty et al. 2000) have 
been reported. Utilizing the phage display method, we 
have screened random peptide ligands which bind to 
PQQGDH and can alter its enzymatic properties. In 
this paper, we report the alteration of the substrate 
specificity of PQQGDH in the presence of the peptide 
ligand selected from Ml 3 phage peptide library and 
this is one of the approaches for quaternary structure 
design of enzyme. 



Materials and methods 

Plwge selection 

Ph.D.-7 Phage Display Peptide Library Kit and Ph.D.- 
12 Phage Display Peptide Library Kit (New England 
Biolabs, Beverly, MA) were used for biopanning. The 
coating solution containing 200 ng purified water- 
soluble PQQ glucose dehydrogenase (Igarashi et al. 
1999) in 0.1 M NaHCOj buffer (pH 8.6) was put into a 
petri dish (85 mm diam.) and was incubated overnight 
at 4 "C. After removal of the coating solution, the dish 
was filled with the blocking buffer [0.1 M NaHCOs 
(pH 8.6), 5 mg BSA mr\ 0.02% NaNs] for 1 h 
at 4 °C. The dish was washed 6 times with TEST 
[50 mM Tris/HCl (pH 8) containing 150 mM NaCl 
and 0.1% (v/v) Tween20] and subsequently coated 
with the phage solution containing 2 x lO" ran- 
dom phage display library in TEST and incubated for 
60 min at room temperature. The non-bound phages 
were removed by washing with TEST 10 times and 
the bound phage was eluted with 0. 1 M glycine/HCI 
(pH 2.2) containing 1 mg BSA ml~'. Eluted phage 
solutions were neutralized with 1 M Tris/HCl (pH 9. 1 ) 
and amplified in Escherichia coli ER2738 for the next 
biopanning. The above panning process was repeated 
six times for Ph.D.-7 Phage Display Peptide Library 
and 5 times for Ph.D.- 12 Phage Display Peptide Li- 
brary. From third round of biopanning with Ph.D.-? 
Phage Display Peptide Library, 15 phages were ran- 
domly selected, and 10 phages in each round from 
4th to 6th round were selected for sequence analysis 
as bound phage clones and analyzed according to in- 
struction manual. In case of Ph.D.-12 Phage Display 
Peptide Library, 10 phages were selected from 4th and 
5th round and their sequence analysis was carried out. 



Investigation of tlte effect of peptide ligands on the 
enzymatic activity of PQQGDH 

Individual phage solution of 1 5 selected phage clones 
(No.3-1 to No.3-15) from the 3rd round was prepared 
as follows. Each phage clone was inoculated into 
cultured E. coli ER2738 and incubated for 4.5 h at 
37 °C. The supernatant of each culture was obtained 
by centrifugation and used for quick GDH assay as 
a peptide displaying phage solution. Quick GDH as- 
say was perfonned according to our previous study 
(Igarashi et al. 1999) except for the incubation in 
the presence of phage solution. The GDH activity 
in the presence of individual 15 phage solutions was 
measured by comparing the rate of the color change 
of 2,6-dichlorophenolindophenol (DCIP) from blue to 
clear in the presence of 50 mM glucose and 25 mM 
lactose. 

To analyze further the effect of peptide ligand on 
enzymatic activity of PQQGDH, four different syn- 
thetic peptides consisting of seven amino acid residues 
or 12 amino acid residues were prepared by Sawady 
Technology Co., Ltd. (Tokyo, Japan) and those amino 
acid sequences are mentioned in the Results and dis- 
cussion section. 

For the GDH assay utilizing each synthetic pep- 
tide, 1.14 X 10-'^ mol (5.7 x 10-'° M) of purified 
PQQGDH was incubated in 10 mM MOPS/NaOH 
buffer (pH 7) containing 1 mM CaCh and 1 iiM PQQ 
for 10 min and subsequently incubated in the presence 
of 2.5 x 10-'° mol (1.3 x 10"* M) of the 7-mer pep- 
tides or 1.6 x 10-" mol (8 X 10-* M) of the 12-mer 
peptides for 1 0 min at room temperature. GDH activity 
was measured using 0.6 mM phenazine methosulfate 
(PMS) and 0.06 mM DCIP. Decrease in absorbance 
of DCIP at 600 nm, in the presence of synthetic pep- 
tide at various concentrations of each substrate, was 
monitored and kinetic parameters of PQQGDH were 
as described previously (Igarashi et al. 1999). 



Results and discussion 

Sequence analysis for screening of peptide peptide 
ligands interacting with PQQGDH 

Amino acid sequences of the randomly selected phage 
clones from the 3rd round to the 6th round using 
Ph.D.-7 Phage Display Peptide Library are summa- 
rized in Figure 1. Finally selected 10 clones showed 
the unique sequence (NATLTRL) in 6th round. This 



NATLTRU31 NATLTRKT) NATLTRL(ia) 



Table 1. Substrate speicificity of PQQGDH with peptides. 



Relative activity of PQQGDH (%) 

Wild type No. 5-1 No. 4-1 No. 3-3 No. 3-14 



Glucose 1 

2-Deoxy-glucose 

Mammose 



LPAPLLPAAPLYMl 



Fig. I. Amino acid sequences of 7-mer (A), and 12-mer (B), pep- 
tide ligands selected for PQQGDH in each round. The number in 
brackets means the number of clones showing the same amino acid 
sequence. The peptides bearing underlined amino acid sequences 
are synthesized for further analysis. 

was designated as No. 4-1 since this sequence ap- 
peared first time in 4th round. At the 5th round, we 
also obtained frequently appearing peptide and named 
it as No. 5-1 (SILPYPY). In addition to these highly 
frequently appeared sequences, No. 3-1 (HQLTKTL) 
and No. 3-14 (TTATDYS) were also selected from 
3rd round panning for further detailed analyses using 
synthetic peptides. As for the panning using Ri.D.-l 2 
Phage Display Peptide Library, randomly selected 10 
phage clones from 5th round were identical (No. 12; 
LPAPLLPAAPLY), and was selected for further analy- 
ses. 

Thus, 4 synthetic peptides consisting of 7 amino 
acid residues (No. 3-3, No. 3-14, No. 4-1 and No. 5-1) 
and one synthetic peptide with 1 2 amino acid residues 
(No. 1 2) were prepared for further analyses. 

Effect of synthetic peptide ligands on substrate 
specificity of PQQGDH 

We first measured the GDH activity toward various 
substrates in the presence of each synthetic 7-mer 
peptide ligand, and investigated the impact of these 
peptides on the substrate specificity of PQQGDH. Ta- 
ble 1 shows the substrate specificity of PQQGDH, in 
the presence or absence of these peptides, by compar- 
ing relative activity for each substrate at 25 mM using 
glucose as the control. PQQGDH is characteristic in 
utilizing disaccharides, such as lactose as maltose as 
the substrate, and tiie target of engineering is to de- 



crease its activity toward these disaccharides. The 
addition of peptide No. 4-1 , resulted in the increase in 
the relative activity toward 3-o-m-D-glucose, although 
similar activity was observed toward lactose and mal- 
tose compared with the enzyme activity in the absence 
of peptides. The most significant difference was ob- 
served in the substrate specificity in the presence of 
No. 3-14 peptide. The presence of No. 3-14 peptide 
decreased the relative activity toward both maltose 
(87%^61%) and lactose (68%->-33%). Therefore, 
No. 3-14 was chosen for further detailed analyses to- 
gether with the peptide selected from 12-mer library, 
No. 12-1. 

Figure 2 shows the effect of the presence of the 
peptide ligand No. 3-14 and 12-mer peptide ligand. 
No. 12 on the PQQGDH activity toward glucose and 
maltose. As shown in Figure 2, the presence of botii 
peptide ligands showed inhibitory effect toward GDH 
activity. However, flie inhibitory effects toward glu- 
cose and maltose were different, and much signifi- 
cant toward maltose. The observed specific activity 
toward glucose decreased to 80% and 60% in the 
presence of No. 3-14 or No. 12-1 peptide, respec- 
tively, whereas the specific activity toward maltose 
decreased to less tiian 50% in the presence of both 
peptides. Therefore, the different impact in inhibitory 
effect caused by these peptides resulted in narrowing 
substrate specificity of PQQGDH. 

The Vmax/A^m values of PQQGDH for different 
substrates with or without the peptide ligand No. 3-14 
and No. 12 are summarized in Table 2. Each Vmax/^m 
value to glucose was considered as 100% in the pres- 
ence or absence of the peptide ligand and we evaluated 
the substrate specificity of PQQGDH depending on 
the peptide ligand by comparing each relative value 
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Table 2. The Vmax'A'm values of PQQGDH to different subsu ates in the presence of the peptide. 



Wild type No. 3-14 No. 12 

Vma^lKm Relative V^^JKm Relative Vmax/ATm Relative 

(Umg-'mM-') values(%) (Umg-'mM"') values (%) (Umg-'mM"') values (%) 



Glucose 70 100 52 100 38 100 

Lactose 31 44 12 23 31 82 

Allose 32 46 17 33 21 55 

Maltose 68 97 18 35 17 45 

ualactose 1 11 2 1 3 

3-o-m-D-glucose 21 30 14 28 14 36 

Mauimose 38 55 55 105 35 93 

Xylose 4 5 2 3 2 6 



Relative value is shown as percentage of Vmax/«^m value of PQQGDH for each Substrate to that for glucose. 




"o so 100 150 20D 

Glucose concentration (nM) 




50 100 150 200 

Maltose concentration (nM) 



Fig. 2. GDH activity for glucose (A), and for maltose (B), in the 
presence of peptide ligands. GDH activity of wild type (■), with 
the peptide ligand No. 3-14 with the peptide ligand No. 12 (A) 
were plotted on different glucose concentrations. 

of Vm&JKm for various substrates. In the presence of 
peptide ligand No. 12, the relative values of V^^JKm 
for various substrates showed higher values compared 
with those values in the absence of peptide ligand 
except for the value for maltose. The relative values 
of VmaJKm for maltose in the presence of peptide 
ligand No. 12 showed 45%, and that for maltose in 



the absence of peptide ligand was 97%. By addition 
of peptide ligand No. 12, the substrate specificity of 
PQQGDH for maltose was improved. 

In case of the addition of peptide ligand No. 3-14, 
the relative value of VmiJKm for lactose was 23%, 
which is approximately half of that value in the ab- 
sence of peptide ligand. Moreover, the relative values 
of Vmax/^m for maltose was also low, 35% which is 
approximately one third of that value in the absence of 
peptide ligand. The enzymatic activity of PQQGDH 
for disaccharide was decreased in the presence of pep- 
tide ligand No. 3-14, resulting in the improvement of 
substrate selectivity of PQQGDH for glucose. 

The selected peptide ligand No. 3-14 from the 
phage peptide library caused the alteration of sub- 
strate specificity of this enzyme and improved it for 
glucose. The presence of peptide ligand No. 3-14 
suggested some interaction with PQQGDH and the 
possibility of inhibition to substrate interaction with 
PQQGDH, considering the dependence of GDH ac- 
tivity on peptide ligand concentration. The peptide 
ligand interacting with PQQGDH might show differ- 
ent interactions with each substrate and then might 
show different inhibitions to each one, which might 
result in significant alteration of substrate specificity 
of PQQGDH. 

PQQGDH is composed of 478 amino acid residues 
and contains 1 1 Arg and 37 Lys as positively charged 
amino acid residue (10% of all amino acid residues). 
Among these positively charged residues, exposed 
residues on the enzyme surface are 7 Arg and 22 
Lys. The peptide ligand No. 3-14 containing Asp as 
negatively charged residue and has relatively higher 
hydrophilicity than other selected synthetic peptide 
ligands, therefore the peptide ligand No. 3-14 may in- 
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teract with positively charged residues or hydrophilic 
residues forming active site of PQQGDH. 

Finally selected amino acid sequences in the 
biopanning, No.4-1 from Ph.D.-7 Phage Display Pep- 
tide Library and No. 12 from Ph.D.- 12 Phage Display 
Peptide Library did not show significant effect on 
GDH activity compared with the effect by No. 3-14. 
These peptide ligands containing highly hydrophobic 
residue might have an interaction with hydrophobic 
region of PQQGDH but no interaction with active site 
of the enzyme. 

In conclusion, we have improved the substrate 
specificity of GDH by introducing peptide ligands. 
This achievement indicates that the engineering of en- 
zymatic property can be achieved by designing new 
synthetic subunits of the enzyme, which can be called 
quaternary structure engineering. In this study we 
used 7-mer and 12-mer peptide libraries, so that the 
peptides of this length might not form a rigid con- 
formation. Therefore partial and local hydrophobic 
and/or electrostatic interaction will dominate, result- 
ing in weak interaction to target molecules and, con- 
sequently, significant alterations in enzyme properties 
should not occur. Therefore screening for longer pep- 
tide ligands should lead to further improvements in the 
performance of the engineered enzyme. 
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